Introduction {#cesec10}
============

In the 21st century, rabies remains as one of the most feared and important threats to public health. The untreated disease presents as a progressive encephalomyelitis, which is invariably fatal, and is caused by neurotropic viruses of the genus lyssavirus. As a neglected zoonotic disease, rabies is present throughout much of the world ([figure 1](#fig1){ref-type="fig"} ), with many deaths in human beings occurring in Africa and Asia in children younger than 15 years. Rabies is regarded as under-reported in many regions,[@bib1] due in part to a lack of surveillance and laboratory infrastructure, confounded by cultural or social taboos.[@bib2], [@bib3], [@bib4] The absence of accurate data on disease incidence in turn tends to reduce rabies as a priority for policy makers and public health professionals.[@bib5], [@bib6] Estimates of the global burden, based on models of incidence of dog bites, have been updated and augmented to include country-specific data from published studies and online surveys, giving a more comprehensive global estimate.[@bib7] Preliminary data suggest that almost 60 000 human deaths occur from rabies globally per year, which is more than that attributed to any other single zoonotic disease ([table 1](#tbl1){ref-type="table"} ).[@bib8], [@bib9] The large number of children among these fatalities means that rabies is estimated to cause more than 2 million disability-adjusted life-years (DALYs) lost per year, with an annual economic cost of more than US\$4 billion per year.[@bib7] Other models have used estimates of values of statistical life to predict the economic impact of rabies. These values range from \$1·8 to \$2·2 million per human death---a value that does not take into account post-exposure treatments, livestock losses, and costs associated with diagnostic testing and vaccination.[@bib10] The total annual global costs of canine rabies alone are estimated to be of the order of tens of billions of dollars.[@bib10] Figure 1WHO rabies risk mapData from WHO. Most of the cases of human rabies occur in Africa and Asia. Attempts to accurately map the distribution of rabies risk or incidence show the absence of quantitative data and the irrelevance of political boundaries in the control of a disease with animal reservoirs. In low-risk areas, pre-exposure immunisation is recommended for individuals who will come into contacts with bats. In medium risk areas, pre-exposure immunisation is recommended for individuals who will come into contact with bats and other wildlife. In high-risk areas, pre-exposure immunisation is recommended for individuals who will come into contact with domestic animals such as dogs, and other rabies vectors.Table 1Global morbidity and mortality from zoonotic diseases**MorbidityMortality**CumulatedAnnualCumulatedAnnualSARS coronavirus8273\...\...Highly pathogenic avian influenza610..360..Ebola virus2288..1531..Japanese encephalitis virus..50 000..10 000Rabies..20 million receiving PEP..59 000[^1]

Dogs are the principal vector for human rabies, and are responsible for more than 99% of human cases. Hence controlling rabies in dogs, and especially free-roaming (stray) dogs, is the first priority for prevention of human rabies.[@bib11], [@bib12], [@bib13] The disease causes a severe and long-lasting societal and economic burden and the implications are especially apparent in poverty-stricken developing countries. Shortage of resources and a limited public health infrastructure in many rabies-endemic countries precludes data collection and analysis. Rabies has been successfully controlled in dog populations throughout the Americas, and rabies in both dog and terrestrial wildlife populations has been successfully eliminated from western Europe. Thus, rabies can be controlled with sufficient resources. Alongside the burden of rabies in terrestrial animals, many novel lyssaviruses causing clinically indistinguishable disease have been detected. Most virus species identified have been detected in bats, and include species that are antigenically distinct from current vaccine strains.

The aim of this Seminar is to review available information on rabies, including the causative lyssaviruses, and disease transmission, management, and prevention. We will also discuss new developments in rabies research including advances in the epidemiology of new lyssavirus species and the threat they pose to human health, methods for detecting rabies virus in human tissue samples, advances in the management of patients with rabies, and the development of new biologicals to potentially replace human rabies immunoglobulin with cost-effective alternatives. These developments enhance the efforts made towards the overall goal of human rabies elimination.

Rabies virus {#cesec20}
============

The causes of rabies are RNA viruses belonging to the genus lyssavirus within the family Rhabdoviridae, order Mononegavirales. Rabies virus (RABV) is the type species and is responsible for most cases in human beings and animals. However, cases of rabies involving human infection with the other lyssaviruses have also been reported and, from these cases, it seems most lyssaviruses cause indistinguishable fatal encephalitis in humans.[@bib14] Fatal cases of encephalitis caused by lyssavirus species other than RABV are extremely rare. However, surveillance capable of distinguishing different lyssaviruses in many endemic regions is not comprehensive. The International Committee on Taxonomy of Viruses delineates the lyssavirus genus into 12 different virus species and two tentative virus species based on genetic distance, antigenic profiles, geographic distribution, and host range.[@bib15] Genetic evidence for an additional lyssavirus has been reported in Spain[@bib16] ([figure 2](#fig2){ref-type="fig"} , [appendix](#sec1){ref-type="sec"}).Figure 2Phylogenetic tree of the lyssavirus phylogroups and their respective speciesNucleoprotein sequences (405 nucleotides) were aligned with ClustalW and the phylogenetic tree was visualised using TreeView version 3.2. Bootstrap values at relevant nodes are shown. According to the proposed antigenicity of each group of isolates, the viruses are divided into different phylogroups. Where available, accession numbers for sequences are rabies virus (RABV AY102999, AY062068, AY103008, AY062069, AY102993,AY352514, AY330735, AY062090, AY062070, AY062047), Lagos bat virus (LBV EF547459, EF547449, EF547447, GU170202), West Caucasian bat virus (WCBV EF614258), Shimoni bat virus (SHIBV GU170201), Mokola virus (MOKV AY062074,AY062077), Duvenhage virus (DUVV AY062079), European bat lyssavirus type 1 (EBLV-1 AY062088, EF157976), Irkut virus (IRKV EF614260), Australian bat lyssavirus (ABLV AF418014), European bat lyssavirus type 2 (EBLV-2AY062091, AY062089), Bokeloh bat lyssavirus (BBLV JF311903), Khujand virus (KHUV EF614261), Aravan virus (ARAV EF614259), and Ikoma lyssavirus (IKOV JX193798). Several sequences within the phylogeny are unpublished and as such do not have accession numbers. The scale bar represents 0·1 substitutions per nucleotide site. The number of human cases are shown next to silhouettes where reported.

The antigenic and genetic profiles of the lyssavirus genus allow further segregation into phylogroups ([figure 2](#fig2){ref-type="fig"}).[@bib15], [@bib17] Antibodies raised experimentally in mice against inactivated virus from one phylogroup neutralise viruses within that phylogroup but not others. Antibodies raised against West Caucasian bat virus do not cross-react with any members of the two main phylogroups.[@bib1], [@bib18] The degree of cross-neutralisation predicts the likely efficacy of RABV-derived post-exposure prophylaxis. Protection mediated by the vaccine is inversely related to the genetic distance between the infecting virus isolate and rabies vaccine strain.[@bib17], [@bib19], [@bib20], [@bib21]

From a pathogenesis perspective, RABV, when experimentally injected in mice intracranially or when delivered via peripheral routes (eg, intramuscularly or subcutaneously) will cause fatal encephalitis. By contrast, although lyssaviruses are regarded as neurotropic agents, experimental studies with two lyssaviruses, Lagos bat virus and Mokola virus (MOKV), showed that no disease was evident when the viruses were injected via peripheral routes. This phenomenon was explained by aminoacid substitution Arg/Lys to Asp in the glycoprotein ectodomains.[@bib22] This generalisation has recently been challenged in further studies that suggest that pathogenic properties vary between virus strains within lyssavirus species.[@bib23], [@bib24]

Bats are thought to be the reservoir for lyssaviruses, with the exceptions of MOKV and Ikoma lyssavirus, for which the reservoir species have yet to be identified.[@bib25] RABV is detected extensively in bat species throughout the New World (the Americas) but not in bats elsewhere, whereas the non-RABV lyssaviruses have only been detected in Old World bat species (in Africa, Europe, and Asia).[@bib26] Furthermore, RABV is present extensively in terrestrial carnivore species across the globe[@bib26] whereas the remaining lyssaviruses are rarely detected in non-flying species. All mammals are susceptible to infection but few are capable of acting as long-term reservoirs for disease. RABV might have evolved in the order Chiroptera (ie, bats) and then later crossed into the order Carnivora (ie, terrestrial carnivorous mammals).[@bib22]

Lyssaviruses are enveloped with a host-derived membrane and have a bullet-like or bacilliform shape that contains a non-segmented negative sense RNA genome ([appendix](#sec1){ref-type="sec"}). This genome is about 12 kilobase pairs in length and encodes genes for five proteins: N (nucleoprotein), P (phosphoprotein), M (matrix protein), G (glycoprotein), and L (RNA dependent RNA polymerase). The N, P, and L proteins, with the viral RNA, form the ribonucleoprotein complex, which is surrounded by the lipid envelope associated with M and G proteins. The G protein forms trimers and is the primary surface antigen to which neutralising antibodies bind. The nucleoprotein protects the viral RNA from innate immune recognition but also contains several antigenic sites that act as a major target for T helper cells (adaptive immune response).[@bib27], [@bib28] The negative polarity of the RNA genome means that by itself it is non-infectious because it must first be transcribed to produce complementary positive sense mRNAs that are then translated by host cell machinery into the five proteins.[@bib29]

Binding of lyssaviruses to host cells is dependent on the glycoprotein, which binds to one of several proposed receptors that facilitate virus entry.[@bib30] In vitro, lyssaviruses seem able to infect a diverse range of cell lines of different lineages, although the mechanisms of entry into various cells that do not express recognised receptors is unclear.[@bib31] However, carbohydrate moieties, phospholipids, sialylated gangliosides, and various undefined proteins associated with the membrane are thought to act as potential binding ports.[@bib32], [@bib33], [@bib34]

After entry via the endocytic pathway, virus replication and transcription take place in neuronal cells in cytoplasmic inclusions termed Negri bodies,[@bib35], [@bib36], [@bib37] previously thought to be dumping grounds for excess viral proteins.[@bib35], [@bib38], [@bib39] Lyssavirus genomes seem to have evolved to produce optimum levels of each viral protein as evidenced by conserved gene order and the presence of intergenic regions that contain signals for transcriptional initiation, termination, and polyadenylation. For lyssaviruses, the intergenic regions vary in composition and length, and the application of reverse genetics to the study of these viruses has shown that individual intergenic regions have a specific role in gene expression.[@bib40] The M protein also has an important role in regulation of gene expression by inhibition of transcription and enhancement of replication, although the mechanisms and regulatory sequences involved in this model of transcription need further study.[@bib41], [@bib42] Virus budding from the host cell is largely facilitated by the M protein.[@bib41], [@bib42]

Rabies virus is most commonly transmitted by the bite of a rabid animal ([appendix](#sec1){ref-type="sec"}). This mechanism enables the virus to transverse the dermal barrier and deposit the virus into tissues in which it can initiate infection ([figure 3](#fig3){ref-type="fig"} ).[@bib43] Hosts that do not contribute to onward transmission, including human beings, are termed dead-end hosts. Transmission between human beings has only occurred in exceptional circumstances, including corneal and organ transplantation.[@bib44], [@bib45] Transmission of rabies virus by aerosol exposures[@bib46], [@bib47] or transplantation of tissues or organs is rare, but has been reported.Figure 3Pathogenesis of rabies virusReproduced from Singh and Ruzek,[@bib43] by permission of Taylor & Francis. 1) Virus enters muscle tissue of host through bite wound, then 2) enters the peripheral nervous system (PNS) via neuromuscular junction, and then 3) travels from PNS to spinal cord and brain. 4) Virus enters brain and undergoes extensive replication leading to neuronal dysfunction (slide shows virus in Purkinje cells of cerebellum 40x magnification). 5a) The virus replicates in salivary glands and is excreted in saliva, 5b) enters peripheral nerves of skin and Purkinje cells, and 5c) spreads from the brain to infect many tissues and organs in the host.

Pathogenesis {#cesec30}
------------

Once infection is established within neuronal cells the virus usurps host cell machinery to reach cell bodies in the spinal cord or brainstem or in sensory ganglia (eg, dorsal root ganglia) where replication occurs. The motility of RABV along neuronal processes has been exploited to map neuronal circuitry.[@bib48], [@bib49] The virus is transported by fast axonal transport through the spinal cord to the brain. Until this stage the patient shows no clinical signs. Host detection of virus intracellularly occurs through the retinoic acid-inducible gene 1 pathway[@bib50] through the detection of cap structures on the virus mRNAs and through Toll-like receptors.[@bib51] This detection stimulates an early interferon response that is antagonised by the virus phosphoprotein.[@bib52], [@bib53] The mechanism of interferon antagonism seems to be conserved between many of the lyssaviruses.[@bib54], [@bib55] Once in the CNS, the virus replicates extensively and clinical disease develops. Notably, fatal encephalitic rabies might not necessarily be accompanied by substantial inflammation and this feature could, in part, be due to the genetics of the infecting virus. This variability in inflammatory response is also seen in cases of dog rabies. Furthermore, neuronophagia can vary substantially and neuronal apoptosis does not seem to have an important role in rabies encephalitis in human beings.[@bib56] Nonetheless, extensive infection of the brain leads to centrifugal dissemination of virus through neurons to distant sites throughout the body. Of particular importance in reservoir species is the spread of the virus to peripheral sites that release the virus into the oral cavity via the salivary glands. Rabies virus antigen staining of the taste buds has also been observed.[@bib57], [@bib58], [@bib59] The salivary glands are innervated from the parasympathetic nervous system via the submandibular ganglion and glossopharyngeal nerves, by sympathetic innervation via the superior cervical ganglion, and by afferent innervation.[@bib60], [@bib61] Ultrastructural studies suggested that the virus is able to travel from the brain to peripheral sites by budding on synaptic or adjacent plasma membranes of dendrites with budding also occurring, albeit less often, from the plasma membrane of the perikaryon.[@bib62] Detection of virus particles engulfed by an invaginated membrane of an adjacent axonal terminus suggested transneuronal dendroaxonal movement. However, alongside this finding, virus has also been reported to bud directly into the intercellular space, which along with hypersalivation and the aggressive behaviour often associated with infection, promotes onward transmission of the virus to new hosts ([figure 3](#fig3){ref-type="fig"}).

Cause of death as a result of infection with rabies virus has not been irrefutably established. Overwhelming virus replication in the nervous system leads to many systemic complications, including multiorgan failure. Experimental studies show strong evidence for upregulation of interferons, cytokines, and chemokines in the CNS in response to infection with rabies virus.[@bib63], [@bib64] Transcriptomic studies have shown the upregulation of many interferon-inducible genes[@bib65], [@bib66] and this upregulation has been supported by immunohistological demonstration of chemokine production in neurons. Such production drives an influx of immune cells into the CNS, particularly T cells. However, in the case of rabies virus infection, this influx does not control infection and the host invariably dies. In the absence of therapeutic options no mechanisms exist to ameliorate rabies virus replication once the virus reaches the brain. Evidence for an immune response is not detected until the virus has entered the CNS[@bib64], [@bib67] ([figure 4](#fig4){ref-type="fig"} ). How the virus avoids immune surveillance in the periphery is unknown, but might be attributable to the low level of replication early in the infection or activation of immune suppression in the periphery.[@bib55], [@bib68] Figure 4Immunohistochemical detection of rabies virus nucleoprotein and chemokines in infected tissueImmunohistochemical detection of rabies virus nucleoprotein (brown staining) in human neurons (A). Section prepared from a brain sample from a human case of rabies in the UK. Magnification, ×200. Immunohistochemical staining for chemokines within the brain of mice infected with rabies virus (B--D). Specific staining for CCL2 (B), CCL5 (C), and CXCL10 (D) are shown. Magnification ×200.

Clinical presentation {#cesec40}
=====================

Two clinical forms of rabies disease are typically described: encephalitic (furious) and paralytic (dumb). The earliest neurological symptom in human beings is usually pain, paraesthesia, or pruritus at the site of infection because of viral replication in local dorsal root ganglia and associated ganglionitis.[@bib69] After the prodrome, either the encephalitic or paralytic forms of the disease might be observed. Encephalitic rabies often presents with hypersalivation, and periods of agitation alternating with lucidity will be observed---a key feature of the so-called "furious" type of rabies. Importantly, patients with hypersalivation have difficulty swallowing the excessive saliva produced ([video 1](#sec1){ref-type="sec"}). RABV nucleic acid might be detected in saliva samples taken at this stage. Hydrophobia is also often observed, and in developing countries water might be offered to suspected patients for diagnostic purposes ([video 2](#sec1){ref-type="sec"}). As hydrophobia progresses, the offer of water leads to pharyngeal spasms and involuntarily refusal of the water with excessive gagging being noted ([video 3](#sec1){ref-type="sec"}). Infection invariably leads to coma and death. The paralytic form of disease differs from the encephalitic form in that muscle weakness develops early (which is not observed in the so-called furious form of the disease), and progression to coma and death often takes longer than with the encephalitic form.[@bib69]

Bat rabies is caused by RABV in the New World whereas across the Old World infection is caused by other lyssaviruses; in these regions, human infections with the bat lyssaviruses are reported rarely.[@bib1], [@bib29] However, the true burden of human and animal cases caused by lyssaviruses other than RABV is unknown because the causative lyssavirus cannot be readily distinguished with standard diagnostic tests.[@bib14], [@bib17], [@bib70]

Historically, Duvenhage virus (DUVV) was the first non-rabies lyssavirus associated with human infection, although earlier potential infections with European Bat Lyssavirus type 1 (EBLV-1) are unconfirmed.[@bib71] DUVV was first reported in the 1970s after diagnosis of rabies-like disease in an individual in South Africa who died after a bat bite.[@bib72] Since this initial isolation, two further cases of DUVV in people have been reported, both with a fatal outcome.[@bib73], [@bib74] Of the other African lyssaviruses only Mokola virus has been associated a human fatality (reported in Nigeria).[@bib75] Infection with Eurasian lyssaviruses[@bib1] in human beings have also been reported, including confirmed fatalities from EBLV-1 infection,[@bib76], [@bib77], [@bib78] EBLV-2,[@bib79], [@bib80] and Irkut virus.[@bib81] As well as these infections, Australian bat lyssavirus has caused three human fatalities.[@bib82], [@bib83], [@bib84] Although all of these infections have resulted in fatalities, several studies have reported the presence of neutralising antibodies in people who have not been vaccinated.[@bib85] Such findings suggest that natural immunisation can occur in human beings.[@bib86]

Diagnosis {#cesec50}
=========

Infection with rabies virus can be difficult to diagnose ante-mortem.[@bib69] Although hydrophobia is highly suggestive, no clinical signs of disease are pathognomonic for rabies and differential diagnosis can involve many agents and syndromes (eg, other viral encephalitides, tetanus, listeriosis, and poisoning) and coinfections, such as malaria, can lead to misdiagnosis.[@bib87] Historical reliance on the detection of accumulations of Negri bodies is no longer regarded as suitable for diagnostic assessment because of low sensitivity, and alternative laboratory-based tests have been developed to conclusively confirm infection.

Most diagnostic tests for rabies virus in animals need brain material for diagnosis and as such are often only possible post mortem. Brain samples are most readily taken by breaching the skull and sampling directly. Brain smears or touch impressions are used for the detection of virus antigen with the fluorescent antibody test (FAT) for both human and animal samples. The FAT is recommended by WHO and the World Organisation for Animal Health (OIE) and, in 95--99% of cases, gives reliable results on fresh specimens within a few hours. To avoid the need for expensive fluorescently labelled antibodies and fluorescent microscopes, a histochemical test (direct rapid immunohistochemical test; dRIT) that allows the use of low-cost light microscopy has been developed. dRIT can detect rabies antigen in fresh brain impressions within 1 h.[@bib88] Development of dRIT will enable transfer of this diagnostic capability to endemic regions where cost precludes laboratory confirmation.[@bib89] Alongside FAT, the OIE recommends the use of a virus isolation test, particularly when FAT results are equivocal and for cases of human exposure. In-vitro isolation tests can be used to grow the virus from suspect samples with the added value of virus isolation for downstream characterisation and research activities. Molecular-based techniques are also becoming more widely accepted and accessible for the diagnosis of rabies,[@bib90] and PCR techniques have been used to confirm the origin of virus isolate. Such techniques are useful when cryptic cases occur, in which a clear history of exposure to rabies virus cannot be established despite extensive investigation. Confirmatory diagnosis with OIE-prescribed tests can only occur post mortem. For the future, the various conventional RT-PCR-based protocols and novel molecular protocols developed for the diagnostic amplification of lyssavirus genome fragments might overcome this obstacle,[@bib89] and offer an additional advantage in their ability to differentiate between species.

Ante-mortem diagnostic tests are reliant on widespread dissemination of the virus through the nervous system. Ante-mortem testing is not routinely applied to cases of animal infection. Antigen detection in skin biopsies can be used as a means of detecting infection when virus antigen can be detected in nerve fibres surrounding hair follicles.[@bib91] Rabies virus nucleic acid can also be detected in various biological fluids and samples (eg, saliva, cerebrospinal fluid and skin biopsies) by RT-PCR.[@bib92] Virus shedding in saliva is often used for ante-mortem testing; however, although saliva is a highly accessible sample, shedding is intermittent and can cease on seroconversion.[@bib67] Sensitivity with RT-PCR on single saliva samples has been reported as low as 70%, but similar tests on multiple successive saliva samples, or on nuchal skin biopsies have had a sensitivity of more than 98%.[@bib91] Cessation of viral shedding after seroconversion requires that a nuchal skin biopsy should also be taken when possible.[@bib67] For ante-mortem diagnostic assessment, all results should be carefully considered in combination rather than relying on individual diagnostic readouts.

Management {#cesec60}
----------

Medical care of patients with rabies is challenging for all physicians, especially in regions where there is little experience of the disease or the complex treatment issues.[@bib93] Critical care should be used as required pending confirmation of a laboratory diagnosis of rabies and when an aggressive approach is deemed necessary, although the chance of a successful outcome is very low. A palliative approach should include liberal use of sedatives and analgesics as needed to achieve comfort. Unfortunately, no effective therapy exists for rabies after the development of clinical disease. Clinical management of rabies has included a combination of therapies, rabies vaccine, immunotherapies, and ketamine.[@bib93] Ten people have survived rabies, including one who received pre-exposure immunisation and eight who received one or more doses of post-exposure prophylaxis before the onset of rabies; all but one of these individuals had neurological deficits and two died within a few years.[@bib94], [@bib95] One individual who survived without post-exposure prophylaxis did so after the administration of an aggressive combination of medical treatments including the induction of a therapeutic coma, combined with ribavirin, ketamine, and amantadine treatment.[@bib96] This approach, dubbed the Milwaukee protocol, gave initial promise as a novel treatment to combat clinical rabies.[@bib97] However, attempts to repeat this first success have failed in at least 26 subsequent cases, suggesting that the protocol is ineffective.[@bib98]

Excellent medical care in a critical care unit is important, but no specific therapeutic drug is known to effect a positive outcome. There are several factors that should be regarded as favourable in the decision to initiate an aggressive therapeutic approach: therapy with doses of rabies vaccine before the onset of illness, young age, previously healthy and immunocompetent individual, mild neurological disease at the time of initiation of therapy, rabies due to a New World bat rabies variant (eg, by contrast with a canine variant or Old World bat variant), and the early detection of neutralising antirabies virus antibodies in serum and cerebrospinal fluid.[@bib98] An effective therapy for rabies is unlikely to be developed in the future with a trial and error approach, especially because numerous neuroprotective drug studies have failed to show efficacy for any one drug.[@bib99] To develop a therapy for rabies a much better understanding of basic mechanisms involved in the pathogenesis of the disease is needed.[@bib61], [@bib69], [@bib98] Such knowledge might help in the development of an effective therapeutic intervention. Cooling of the brain (hypothermia) has also been considered a potential therapy.[@bib98]

Vaccination of human beings {#cesec70}
===========================

Pre-exposure prophylaxis vaccination {#cesec80}
------------------------------------

Early rabies vaccines were based on crude preparations of animal neuronal tissues that were poorly immunogenic and needed several doses to induce immunity. In the 1940s, these nerve tissue vaccines were replaced with more immunogenic and safer cell-culture-derived vaccines (CCVs).[@bib100] Despite official recommendations to discontinue use of nerve tissue vaccines some countries still produce and administer these vaccines. For CCVs, clinical trials have enabled a reduction in the numbers of doses administered, in turn increasing patient compliance with the treatment, as well as enabling alternative routes of administration to be adopted.[@bib100] WHO and the Advisory Committee on Immunization Practices recommend a single pre-exposure prophylaxis (PrEP) regimen ([table 2](#tbl2){ref-type="table"} ). PrEP is also strongly recommended for travellers to endemic countries,[@bib101] and, because of waning antibody titres after PrEP, pre-exposure booster vaccine doses are also recommended. Booster vaccinations need to be administered in accordance with the vaccine manufacturer\'s recommendations.[@bib102] Pre-exposure vaccination is given as a three-dose schedule of intramuscular or intradermal injections on days 0, 7, and 21 or 28, where day 0 is the day of the first dose.[@bib103] For individuals at risk of exposure, booster doses could be administered dependent on individual maintenance of neutralising antibody titres, and the relative risk.[@bib100] Often, travellers fail to obtain PrEP because they do not understand the level of risk of rabies at their destination.[@bib102] Table 2Pre-exposure and post-exposure rabies vaccination regimens recommended by the WHO and the Advisory Committee on Immunization Practices by regimen**Number of vaccine doses/number of clinic visitsAdministration routeSchedule of injectionsPre-exposure**Routine intramuscular3/3IntramuscularDays 0, 7, and 21 or 28 (one dose each)Routine intradermal3/3IntradermalDays 0, 7, and 21 or 28 (one dose each)**Post-exposure**Essen5/5IntramuscularDays 0, 3, 7, 14, 28 (one dose each)Zagreb4/3IntramuscularDays 0 (two doses), 7, 21 (one dose each)Reduced four dose4/4IntramuscularDays 0, 3, 7, 14 (one dose each)Modified Thai Red Cross8/4IntradermalDays 0, 3, 7, 28 (two doses each)**Post-exposure for previously vaccinated people**Two-dose intramuscular2/2IntramuscularDays 0, 3 (one dose each)Four-dose intradermal4/1IntradermalDay 0 (four doses)

The development and mass production of inactivated CCVs in the 1960s allowed a new approach to rabies control.[@bib100], [@bib104] For the first time, human rabies vaccines were readily available for use before exposure to protect vulnerable individuals, rather than being exclusively employed for post-exposure prophylaxis. Although adults and children are equally susceptible to rabies and the prevention does not vary with age, rabies should be considered in the catalogue of paediatric diseases in endemic regions since about 40--50% of the annual death toll are children younger than 15 years.[@bib7], [@bib105] To prevent rabies, PrEP could be given to children in these endemic regions in early childhood but this strategy is rare in low-income countries. A cost-benefit analysis of adoption of rabies vaccination in paediatric regimes concluded that for economic viability a novel formulation that induces immunity after a single inoculation is needed.[@bib106] Importantly, all licensed rabies vaccines have a good safety record with only rare adverse events, which do not differ according to age group.[@bib107]

After vaccination, the present standard correlate of immunity is the development of neutralising antibodies.[@bib108] Memory and recall responses have been poorly studied in response to vaccination, despite the consistent waning of antibody responses in long-term follow-up studies of vaccine recipients.[@bib64] This waning might relate to the use of inactivated virus in current rabies vaccines.

Post-exposure prophylaxis {#cesec90}
-------------------------

Every year, the application of post-exposure prophylaxis provides more than 20 million treatments and has been an effective counter-measure to rabies virus infection for more than 100 years.[@bib109] Rabies is preventable via several approved post-exposure prophylaxis recommendations, which consist of thorough wound-cleansing and prompt administration of rabies immune globulin (RIG), together with a full course of rabies vaccination ([table 2](#tbl2){ref-type="table"}). Wounds should be cleansed with soap or a virucidal antiseptic (eg, povidone iodine) with copious irrigation and should not be sutured unless absolutely necessary.

Post-exposure prophylaxis should be started as soon as possible after a recognised exposure[@bib110] and includes a series of injections of rabies vaccine. Four different post-exposure prophylaxis vaccine regimens are currently approved for individuals not previously vaccinated against rabies ([table 2](#tbl2){ref-type="table"}); three are given intramuscularly and one is given intradermally. RIG is also an important component of post-exposure prophylaxis to inhibit viral spread in the interval before sufficient immunity is developed in response to vaccination. It should be injected into and around the wound site, ideally on the day of exposure or up to 7 days after the initial dose of vaccine.[@bib100] Two WHO-approved regimens also exist for previously vaccinated individuals ([table 2](#tbl2){ref-type="table"}). In such cases RIG should not be given.[@bib100], [@bib110]

An animal bite is the most common exposure to rabies infection ([appendix](#sec1){ref-type="sec"}), and exposure of open wounds or mucosal membranes to saliva, nasopharyngeal fluids, or CNS tissues from infected animals is less common. Irrespective of the source of exposure, post-exposure prophylaxis should be started promptly and the suspect animal monitored for a period of 10--14 days. If the animal remains healthy after this period of observation, then post-exposure prophylaxis can be discontinued. If the suspect animal becomes ill during the observation period then full PEP should be continued following WHO guidelines. In other animals that are potential vectors, rabies can be excluded with a negative laboratory examination of the brain by FAT or, if the animal cannot be tested (eg, if it escaped or is valuable), then post-exposure prophylaxis should be started unless information from local public health officials suggests that it is unnecessary.

The availability of RIG is low in some rabies-endemic regions. Even when available, a lack of medical awareness of the importance of RIG in post-exposure prophylaxis means that its use is often not considered.[@bib111] The expense and scarcity of RIG has driven the search for alternative prophylactic methods that could be made available to rabies endemic areas. The manufacture of a cocktail of selected rabies monoclonal antibodies, which is capable of neutralising a broad range of RABV isolates from across the globe, to replace RIG, might further promote the use of passive immunity in rabies endemic areas where it is most needed.[@bib112] These preparations are undergoing clinical trials.[@bib113], [@bib114] Application of the monoclonal antibody principle to the plant biotechnology sector offers a further promising direction for novel preparations where monoclonal antibody cocktails generated in plants enables ease of increased production and are economically advantageous.[@bib115], [@bib116]

Development of recombinant rabies vaccines has been proposed through the application of reverse genetics to generate rabies viruses with modified properties.[@bib108] Ideally, to generate more robust memory responses, vaccine preparations could involve live-attenuated virus to elicit a strong memory response, although use as either a pre-exposure or post-exposure option requires extensive development.[@bib117] Most progress in this area has been made with post-exposure treatment of experimental rabies in animals, rather than post-exposure prophylaxis in the manner of licensed vaccines. Prominent among these new prototype vaccines that may be licensed in the future for treating rabies is the so-called TriGAS construct that contains three copies of the glycoprotein gene.[@bib118] Overexpression of the glycoprotein gene by this construct stimulates a strong immune response and simultaneously seems to attenuate the infection.[@bib119] In the near future, such viruses will probably gain acceptance in veterinary vaccination. Oral vaccination with attenuated strains is commonplace in Europe although often, the cause of attenuation has not been deduced, and as such reversion to virulence is a concern. Molecular manipulation of vaccine strains with reverse genetics enables the mechanisms of attenuation to be investigated, which can then be applied to safely attenuate RABV, preventing possible reversion to virulence.[@bib120]

Future challenges {#cesec100}
=================

A high proportion of cases of rabies involve childhood fatalities, and therefore rabies should be considered an important paediatric disease.[@bib121] The combination of an existing rabies human vaccine with a standard childhood vaccine regimen should be a priority to ensure global vaccination against rabies of children living in low-income countries. This strategy would involve the incorporation of rabies vaccination into the existing childhood Expanded Programme on Immunization (EPI) schedule.[@bib103] The addition of rabies vaccine into an existing multivalent paediatric vaccine as part of a childhood EPI schedule should ideally include a single-dose vaccine, preferably by a non-injectable route of administration.[@bib122] Unlike other viruses targeted for elimination, rabies will never be eradicated because of the presence of lyssaviruses in bats.[@bib26], [@bib123] The realistic aim in the 21st century is to enhance efforts towards the elimination of rabies in dogs with the resultant reduction of human mortality,[@bib2], [@bib11] a goal that has already been achieved in several regions.[@bib124], [@bib125], [@bib126], [@bib127] The strategic approach for programmes aimed at the elimination of canine rabies should focus on a multidisciplinary core of disparate groups, including representatives from public and private sectors (ie, vaccine manufacturers, policy makers, scientists, veterinarians, and clinicians) with the overall vision of elimination of human rabies.[@bib128] This collaborative multidisciplinary initiative, often termed the One Health approach, is a step towards combating rabies through the mass vaccination of dogs and humane management of dog populations.[@bib129] Financial support for these initiatives will be needed. Such programmes are at present paid for by charitable foundations, sponsors, and financial donors working in partnership with global institutions.[@bib10] Alongside these measures the OIE have developed an animal vaccine repository that it uses to supply various regions with vaccine.[@bib126], [@bib130], [@bib131] The Food and Agriculture Organization of the United Nations has proposed a Progressive Control Pathway towards rabies elimination, with the final stage of the pathway being the maintenance of a freedom from rabies in humans and animals. This support should transgress community, district, national, and international levels. The development of novel diagnostic techniques for both ante-mortem and post-mortem diagnostic confirmation in endemic regions is essential to enable epidemiological assessment and assess treatment options when possible.[@bib2], [@bib90] The pathway required by the veterinary services for the control of rabies in dogs was proposed by the OIE to sustainably improve the compliance of veterinary services. Its key components are performance, vision, and strategy.[@bib131] With this in mind WHO, OIE, and the Food and Agricultural Organisation have proposed a strategy for the elimination of human rabies transmitted by dogs in rabies-endemic countries; recommending this should be a realistic goal by 2030.

Search strategy and selection criteria {#cesec110}
======================================

We searched PubMed in February, 2013 with the terms "rabies" and "lyssavirus". There were no restrictions on date or language. We identified 12 297 articles on rabies and 442 articles on lyssavirus, spanning 140 years since the earliest identified publications. We then undertook more specific searches with the terms "rabies vaccine", "rabies epidemiology", "rabies post-exposure prophylaxis", and "rabies pathogenesis". 1467 articles on rabies vaccine, 128 articles on rabies epidemiology, 74 articles on rabies post-exposure prophylaxis, and 245 articles on rabies pathogenesis were identified. We reviewed 131 articles identified in both the general and specific searches as relevant to this topic.

Supplementary Material {#sec1}
======================

Supplementary appendix

Supplementary video 1A young patient with rabies showing agitation and hypersalivation.

Supplementary video 2Hydrophobia in a young patient with rabies.

Supplementary video 3Hydrophobia and agitated behaviour in a rabies patient.
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[^1]: ..= no data. SARS=severe acute respiratory syndrome. PEP=post-exposure prophylaxis.[@bib7], [@bib8], [@bib9]
